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Abstract. A tuberculate mycorrhiza formed by two fungi in combination commonly 
occurs on Pseudotsuga menziesii vars. menziesii and glauca in the western coastal states 
and British Columbia. One fungus is a white Basidiomycete that infects a rootlet to 
form a compact, prolifically branched, ectorrophic mycorrhiza consisting of 20 to 2,000 
mycorrhizal tips. The other is a Phycomycete that covers the aggregate of mycorrhizal 
tips with a dense, dark sheath. The two fungi spread together by means of rhizomorphs 
having a core of white Basidiomycete sheathed with dark Phycomycete. 


A TuBERCULATE MYCORRHIZA is formed 
when infection by an ectotrophic fungus 
induces a single rootlet to branch prolifi- 
cally. The fungus envelopes the resulting 
dense aggregate of mycorrhizal tips with 
a peridiumlike sheath. The tubercle 
formed superficially resembles a small 
hypogeous puffball attached to the parent 


Figure 1. Douglas-fir root with tuberculate my- 
corrhizae and associated fine rhizomorphs. In- 
tact tubercles in midpicture are shown below 
sliced in half. (Centimeter scale.) 


root. Such tubercles frequently occur on 
various pines and oaks (Melin 1923, 
Masui 1926, and others). The common 
tuberculate mycorrhiza of Pseudotsuga 
menziesii vars. menziesii (Mirb.) Franco 
and g/auca (Beissn.) Franco described 
in this paper differs in that two fungi are 
involved in its formation. 


Gross Morphology 


Most tubercles on Douglas-fir are 5 to 15 
mm in diameter (Fig. 1). but specimens 
up to 40 mm have been found (Fig. 2). 
When young, the surface of the peridium - 
like sheath is “acorn” colored (Maerz and 
Paul 1930, plate 15:F7) and minutely 
velvety, becoming smooth with age and 
darkening to “sepia’’ (Maerz and Paul, 
plate 8:A10). The surface blackens where 
it has pressed against obstacles in the soil 
or where bruised in handling. Often the 
sheath grows beyond the mycorrhiza’s 
base to cover some parent root or nearby 
chunks of rotten wood. Scattered small 
black rhizomorphs, 5 to 20 yw thick, 
are appressed onto the sheath while 
others 0.5 to 1 mm thick emerge seem- 
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ingly at random. These larger rhizo- 
morphs are concolorous with the sheath 
on the outside but are white inside. The 
rhizomorphs frequently fuse and branch 
and often extend more than 25 cm from 
their point of origin. 

Removal of the readily separable 
sheath reveals a tightly packed aggrega- 
tion of mycorrhizal tips with white, 
pubescent mantles. These branch from a 
central root and often rebranch two or 
more times. Tubercles commonly con- 
tain 20 to over 300 mycorrhizal tips, but 
extra large ones have been estimated to 
contain up to 2,000 (Fig. 2). White 
hyphae growing from the fungal mantles 
loosely fill the small spaces between 
branchlets. 


Anatomy 


Specimens were killed and fixed in a 
chrome-acetic acid solution, as described 
by Langlet (1946), then embedded in 
paraffin and sectioned at thicknesses of 
4 or 8 u. Sections were stained in 2 per- 
cent ferric citrate saturated with Or- 
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Ficure 2. A large tuberculate mycorrhiza of 
Douglas-fir with sheath removed to reveal 
tightly clustered mycorrhizal lips which total 
about 2,000. This specimen had begun to dry 
and darken before collection. (Centimeter scale.) 


seillin BB followed by 1 percent crystal 
violet in clove oil (Doak 1955). 
Microscopic examination revealed that 


Figure 3. Appearance of mycorrhizal hyphae mantling and intermingling with root cells of 
Douglas-fir. (X 430.) A. Basidiomycete mycorrhiza as found within the tubercle. B. Phy- 
comycete mycorrhiza formed in the absence of the Basidiomycete. 
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fungi from two classes participate in 
formation of tubercles on Douglas-fir. 
A Basidiomycete mantles and penetrates 
the mycorrhizal tips, while a Phycomy- 
cete sheathes the aggregate of proli- 
ferated tips." 

Individual mycorrhizal tips are mantled 
with a tightly interwoven, basidiomy- 
cetous plectenchyma 10 to 40 p thick 
(Fig. 3A). Hyphae comprising the mantles 
are hyaline, septate, often granulated 
and with granular contents, and vary 
from 1 to 10 » in diameter. Those growing 
outward from the mantle reach only 3 y 
in diameter. From the inner side of the 
mantle, hyphae penetrate between cor- 
tical cells. sometimes to the endodermis 
but more commonly two or three layers 
of cortical cells short of the endodermis. 
Ageregations of these intercellular hyphae 
may separate root cells by as much as 6 u 
near the periphery of the root, but no 
more than 2 p between inner cortical 
cells. 

The root tips may be either monarch 
or diarch. As often true with Douglas-fir 
mycorrhizae, outer cortical cells are 
neither elongated nor hypertrophied. 

The mature sheath is composed of 
grayish-yellow, deeply staining, thick- 
walled, aseptate hyphae 2 to 4 yu in 
diameter. Its outer, compact layer varies 
from 10 to 50 yu in thickness; the inner, 
loosely woven portion, from 30 to 300 u 
(Fig. 4). Leaves and other soil detritus 
are frequently embedded firmly in the 
surface. Occasionally, subglobose, irregu- 
larly roughened spores 18 to 28 yp in 
diameter occur among the loose, inner 
hyphae. 

Apart from being a tubercle com- 


1 Bratislav Zak, Pacific NW. Forest and Range 
Expt. Sta., in a personal communication, stated 
he has observed clamp connections in pure cul- 
tures of the mantle fungus, thus positively 
identifying it as a Basidiomycete. So far, I have 
not found clamp connections on mantle hyphae 
in tubercles. Sheath hyphae have no septa, so 
this fungus automatically classifies as a Phy- 
comycete. 


Figure 4. Sheath and adjacent mycorrhizal tip 
from a tubercle cross section. (X 735.) 


ponent, the Phycomycete alone sometimes 
envelops a nearby rootlet, forming a 
loosely interwoven mantle 10 to 30 pu 
thick and penetrating between the outer 
three or four layers of cortical cells (Fig. 
3B). Spores identical to those in the 


Ficure 5. Phycomycete spores arrayed diagonally 
across center between root cortex at lower left and 
aseptate hyphal mantle at upper right (X 517) 
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Figure 6, Sheath partially covering a tubercuiate 
mycorrhiza and adjoining parent root. (X 3.) 


sheath of a tuberculate mycorrhiza are 
sometimes formed between mantle and 
root (Fig. 5). To date, however, the Phy- 
comycete is not known to form mycor- 
thizae with a rootlet already invaded by 
the Basidiomycete. 

These two unlike fungi combine to 
form rhizomorphs. The rhizomorphs orig- 
inate from the mycorrhizal mantles as 
white strands of septate hyphae. Once 
these strands emerge through the tuber- 
cle’s sheath, aseptate sheath hyphae 
grow along them to form a dark cover 
behind the white, growing, rhizomorphic 
tip. producing a rhizomorph 0.5 to 1.0 mm 
thick. Covering hyphae are interwoven 
and of the same size and shape as those of 
the sheath. The core hyphae, however, 
are parallel and may occasionally reach 
20 u diameter. 


Development and Occurrence 


The development and occurrence of tuber- 
culate mycorrhizae of Douglas-fir have 
been under observation since first dis- 
covered in 1956. Formation begins early 
in spring and is well advanced before the 
outer sheath of the cluster becomes 
noticeable. Depending perhaps on abun- 
dance of Phycomycete hyphae in the 
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Fiure 7. Sheath ruptured by growing root tip. 
New sheath formation is underway, as indicated 
by dark hyphae scattered over root tip and its 
mantle of white mycelium. (X 33.) 


vicinity, the sheath may develop more or 
less simultaneously over an entire cluster 
of root tips or may begin at a single point 
from which it spreads to ultimately form 
a complete cover (Fig. 6). Frequently, a 
well-formed sheath may be ruptured by 
additional root-tip development, leaving 
a gaping hole that is subsequently 
covered by further sheath formation 
(Fig. 7). 

Tubercles evidently are annual struc- 
tures unlike the usual perennial mycor- 
rhizae found on Douglas-fir. Following 
formation, they retain a fresh appearance 
for some time but usually darken inside 
and appear dead by late summer or early 
autumn. By the following spring, my- 
corrhizal tips in dead tubercles are still 
firm, though dark and radially shrunken. 
Their cortical cells are shriveled but 
whole, and their steles appear unchanged. 

Tuberculate mycorrhizae occur 
throughout the humus layer, bur their peak 
in size and number is reached in well- 
rotted stumps and logs. Here they are 
clustered on Wouglas-fir parent roots 
which grow along cracks in the rotted 
wood. 

Tubercles have been discovered on P. 
menziesii var. menziesii west of the Cas- 
cade Range from northern California to 


northern Vancouver Island, and have also 
been found on P. menziesii var. glauca at 
two widely separated places east of the 
Cascades. Representative observations of 
tuberculate mycorrhizae include: 


P. menziesii var. menziesii 


Located at Crescent City, Calif. (elev. 30 to 
60 m). Stand consists of fog belt mixture of old- 
growth Douglas-fir and Sequoia sempervirens (D. 


Don) Endl. 


Located near South Umpqua River, Ore. 
(elev. 600 to 1,400 m). Stands consist of Douglas- 
fir of various ages on all aspects in mixture with 
many species, including Pinus ponderosa Laws., 
P. lambertiana Dougl., several Abies spp., Tsuga 
heterophylla (Raf.) Sarg., Libocedrus decurrens 
Torr. 


Located in drainage of McKenzie River, Ore. 
(elev. 150 to 1,300 m). Stands consist of Douglas- 
fir of various ages on both cool and warm sites 
in mixture with Thuja plicata Donn, Tsuga 
heterophylla, and several Abies spp. 


Located at Barlow Pass, Ore. (elev. 1,300 to 
1,400 m). Stand is old-growth Douglas-fir on 
cool, moist sites near its upper altitudinal range, 
in mixture with Tsuga heterophylla, Abies 
amabilis (Dougl.) Forbes, and 4. procera Rehd. 


Located near Enumclaw, Wash. (elev. 225 m). 
Stand of 30- to 80-year-old pure Douglas-fir on 
glacial outwash. 


Located near Hoh River, Wash. (elev. 100 m). 
Stand of rain forest mixture of old-growth 
Douglas-fir, Picea sitchensis (Bong.) Carr., and 
Tsuga heterophylla. 


Located on Vancouver Island, B. C. (elev. 20 
to 100 m). Stands of Douglas-fir of various ages, 
mostly in mixture with Tsuga heterophylla. 


P. menziesii var. glauca 


Located in Ochoco Mountains, Ore. (elev. 
1,500 m). Stand consists of old-growth Douglas- 
fir in mixture with Pinus ponderosa, Larix 
occidentalis Nutt., and Abies grandis (Doug].) 
Lindl. 


Located at Slocan Lake, B. C. (elev. 800 m). 
Stand situated on a warm, dry site?. 


2 These specimens collected and kindly sup- 
plied for examination by Robert McMinn, 
Canadian Department of Forestry. 


Occurrence of tuberculate mycorrhizae 
is widespread but apparently not universal 
in Douglas-fir stands. For example, dili- 
gent searching has failed to reveal their 
presence in areas of young pumice soils 
north of Mount St. Helens in Washing- 
ton. Delineation of total range must 
await further investigation. 


Discussion 


The association between a Phycomycete 
and a Basidiomycete to form a single 
mycorrhizal structure is apparently u- 
nique to Douglas-fir. The only similar 
structures hitherto reported were found 
on Douglas-fir roots in Central Cemetery, 
Stettin, Poland. Outer sheaths of those 
structures resembled the ones described 
in this paper, but mycorrhizal mantles 
were reported as smooth and ochre 
colored, and hyphae penetrated into cor- 
tical cells of the root (Dominik 1963). 
Divested of the differentiated sheath. 
the tuberculate mycorrhiza of Douglas- 
fir in North America resembles the cor- 
alloid form found on pines. However, 
Douglas-fir tubercles have never been 
found without both fungi present. 
Rhizomorphs formed by the two fungi 
in combination suggest that they spread 
together from root to root. 

Though tuberculate mycorrhizae usu- 
ally die less than a year after formation, 
neither fungus appears responsible for 
early demise. The mycorrhizal tips seem 
to die from drying with no suggestion of 
decay. Possibly these mycorrhizae are 
subject to drought-kill because of their 
habitat. Humus layers, rotten logs, and 
decaying stumps in most western Douglas- 
fir forests are usually well dried by late 
summer. 

Effect of tuberculate mycorrhiza for- 
mation on Douglas-fir is unknown. 
Though tubercles possess particularly 
numerous root tips, little or none of the 
aggregate mycorrhizal surface directly 
contacts surrounding soil. Wide-ranging 
rhizomorphs, however, could substan- 
tially increase the volume of soil from 
which nutrients might be drawn by the 
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mycorrhizae, provided that these rhi- 
zomorphs serve as nutrient-conducting 
organs. A real understanding of their 
function must await further study. 
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Effective February 15, 1965, Dr. Earl L. Stone, Department of Agronomy, 
New York State College of Agriculture at Cornell University, Ithaca, 
New York, became the new Editor of Forest Science, replacing Dr. John 
W. Duffield who has held the position for the past six years. Correspondence 
concerning manuscripts submitted for publication should now be addressed 


to Dr. Stone. 
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